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1.  Introduction {#open201600173-sec-0001}
================

Self‐assembly has received growing attention during recent years as a synthetic method for the construction of well‐ defined supramolecular architectures.[1](#open201600173-bib-0001){ref-type="ref"}, [2](#open201600173-bib-0002){ref-type="ref"}, [3](#open201600173-bib-0003){ref-type="ref"}, [4](#open201600173-bib-0004){ref-type="ref"}, [5](#open201600173-bib-0005){ref-type="ref"} This interest is strongly driven by the desire to implement nature\'s recipes in artificial biomimetic systems and to obtain novel functional materials. The opportunities offered by the principles of self‐sorting in combination with structurally and electronically pre‐ programmed building blocks have been demonstrated for the most diverse of systems.[4](#open201600173-bib-0004){ref-type="ref"} Some of these systems make use of metal--ligand interactions,[6](#open201600173-bib-0006){ref-type="ref"} whereas others embrace all‐ organic self‐assembly.[5](#open201600173-bib-0005){ref-type="ref"}, [7](#open201600173-bib-0007){ref-type="ref"}, [8](#open201600173-bib-0008){ref-type="ref"}, [9](#open201600173-bib-0009){ref-type="ref"}, [10](#open201600173-bib-0010){ref-type="ref"}

Cucurbiturils (CBs) are organic macrocycles that are composed of *n* glycoluril units linked by methylene bridges, where *n=*5, 6, 7, 8, 10, and 14.[10](#open201600173-bib-0010){ref-type="ref"}, [11](#open201600173-bib-0011){ref-type="ref"}, [12](#open201600173-bib-0012){ref-type="ref"}, [13](#open201600173-bib-0013){ref-type="ref"} Recently, they have been in the focus of many research programs owing to their fascinating host--guest chemistry. Organic compounds with positively charged groups have been identified as preferred guests with association constants of up to 10^15^--10^17^  [m]{.smallcaps} ^−1^ in water, matching or even surpassing those of nature\'s strongest supramolecular assembly---the biotin--avidin pair.[14](#open201600173-bib-0014){ref-type="ref"}, [15](#open201600173-bib-0015){ref-type="ref"} The nanotechnological potential of CBs is currently being realized and spans from analytical applications, dye chemistry, materials chemistry, and supramolecular catalysis to topics inspired by the life sciences, such as biomolecule binding, drug delivery, and control of biological functions.[10](#open201600173-bib-0010){ref-type="ref"}, [13](#open201600173-bib-0013){ref-type="ref"}, [16](#open201600173-bib-0016){ref-type="ref"}, [17](#open201600173-bib-0017){ref-type="ref"}, [18](#open201600173-bib-0018){ref-type="ref"}, [19](#open201600173-bib-0019){ref-type="ref"}, [20](#open201600173-bib-0020){ref-type="ref"}, [21](#open201600173-bib-0021){ref-type="ref"}, [22](#open201600173-bib-0022){ref-type="ref"}, [23](#open201600173-bib-0023){ref-type="ref"}, [24](#open201600173-bib-0024){ref-type="ref"}, [25](#open201600173-bib-0025){ref-type="ref"}, [26](#open201600173-bib-0026){ref-type="ref"}, [27](#open201600173-bib-0027){ref-type="ref"}, [28](#open201600173-bib-0028){ref-type="ref"}, [29](#open201600173-bib-0029){ref-type="ref"}, [30](#open201600173-bib-0030){ref-type="ref"}, [31](#open201600173-bib-0031){ref-type="ref"}, [32](#open201600173-bib-0032){ref-type="ref"} One central aspect of the chemistry of CBs is their role as prime components in self‐sorting.[33](#open201600173-bib-0033){ref-type="ref"}, [34](#open201600173-bib-0034){ref-type="ref"}, [35](#open201600173-bib-0035){ref-type="ref"}, [36](#open201600173-bib-0036){ref-type="ref"}, [37](#open201600173-bib-0037){ref-type="ref"} The variation of the cavity size of CB homologues and consequently the differentiation of the strength and dynamics of guest binding can trigger thermodynamically or kinetically driven selection processes.

Importantly, the extended set of available affinity data for CB6, CB7, and CB8 binding to structurally diverse guests[10](#open201600173-bib-0010){ref-type="ref"}, [21](#open201600173-bib-0021){ref-type="ref"}, [34](#open201600173-bib-0034){ref-type="ref"}, [38](#open201600173-bib-0038){ref-type="ref"} provides a solid foundation for the molecular design of complex supramolecular structures containing CB macrocycles as key elements. This might ultimately lead to complex, yet well‐defined systems that exhibit biomimetic features.[10](#open201600173-bib-0010){ref-type="ref"}, [28](#open201600173-bib-0028){ref-type="ref"}, [33](#open201600173-bib-0033){ref-type="ref"}, [35](#open201600173-bib-0035){ref-type="ref"}, [36](#open201600173-bib-0036){ref-type="ref"}, [37](#open201600173-bib-0037){ref-type="ref"}, [39](#open201600173-bib-0039){ref-type="ref"}, [40](#open201600173-bib-0040){ref-type="ref"}, [41](#open201600173-bib-0041){ref-type="ref"} In this study, we were especially interested in the use of CBs as wheel components of pseudorotaxanes. Previous reports (see Scheme [1](#open201600173-fig-5001){ref-type="fig"}) have often focused on two‐component assemblies.[42](#open201600173-bib-0042){ref-type="ref"}, [43](#open201600173-bib-0043){ref-type="ref"}, [44](#open201600173-bib-0044){ref-type="ref"} In an extension of these studies, multicomponent pseudorotaxanes were obtained through the complexation of CBs by a pre‐programmed unimolecular axle.[36](#open201600173-bib-0036){ref-type="ref"}, [37](#open201600173-bib-0037){ref-type="ref"}, [39](#open201600173-bib-0039){ref-type="ref"}, [40](#open201600173-bib-0040){ref-type="ref"}, [45](#open201600173-bib-0045){ref-type="ref"} However, the CB‐templated assembly of homo\[5\]pseudorotaxanes by means of the formation of a 1:1:1 ternary complex that holds the axle components together, has only been scarcely reported (Scheme [1](#open201600173-fig-5001){ref-type="fig"}).[36](#open201600173-bib-0036){ref-type="ref"}, [46](#open201600173-bib-0046){ref-type="ref"}

![Examples of all‐CB pseudorotaxanes and representation of the target structures in this study. \[a\] Ref. [39](#open201600173-bib-0039){ref-type="ref"}. \[b\] Ref. [40](#open201600173-bib-0040){ref-type="ref"}. \[c\] Ref. [36](#open201600173-bib-0036){ref-type="ref"}. \[d\] Ref. [46](#open201600173-bib-0046){ref-type="ref"}.](OPEN-6-288-g008){#open201600173-fig-5001}

In the present work, we made use of heteroditopic ligands that discriminate between CB homologues (CB6, CB7, and CB8) based on well‐differentiated binding constants. The reasoned molecular design enabled the high‐precision self‐sorting of five components. This resulted, to the best of our knowledge, in unprecedented all‐CB hetero\[5\]pseudorotaxanes with a self‐assembled axle and different CB homologues as wheels (Scheme [1](#open201600173-fig-5001){ref-type="fig"}). Likewise, using only CB8 yielded all‐CB8 homo\[5\]pseudorotaxanes. Furthermore, the molecular design included the possibility to monitor the supramolecular processes by fluorescence spectroscopy and electrospray ionization mass spectrometry (ESI‐MS).

2.  Results and Discussion {#open201600173-sec-0002}
==========================

2.1.  Molecular Design {#open201600173-sec-0003}
----------------------

Our approach makes use of the previously[47](#open201600173-bib-0047){ref-type="ref"} observed strong 2:1 complexation of the model compound **1** (Scheme [2](#open201600173-fig-5002){ref-type="fig"} a) by CB8 (*K* ~21~=4.2×10^12^  [m]{.smallcaps} ^−2^; corresponding to an apparent 1:1 binding constant of 2.0×10^6^  [m]{.smallcaps} ^−1^, although it is likely that the first anthracene is bound more weakly than the second). The 1:1 complex with CB7 is weaker by one order of magnitude (*K* ~11~=3.0×10^5^  [m]{.smallcaps} ^−1^).[47](#open201600173-bib-0047){ref-type="ref"} In this study, we designed and prepared the derivatives **2** and **3**, combining the same anthracene imide chromophore as in **1** with an additional motif for binding homologous CB macrocycles (Scheme [2](#open201600173-fig-5002){ref-type="fig"} a--c and the Experimental Section). On the one hand, the aminoadamantane unit in **2** is well known to form extraordinarily strong 1:1 complexes with CB7 and somewhat weaker complexes with CB8 (*K*=4.2×10^12^  [m]{.smallcaps} ^−1^ with CB7 versus 8.2×10^8^  [m]{.smallcaps} ^−1^ with CB8).[34](#open201600173-bib-0034){ref-type="ref"} On the other hand, the spermidine tail in **3** should enable efficient complexation of CB6 (*K=*4.1×10^8^  [m]{.smallcaps} ^−1^).[38](#open201600173-bib-0038){ref-type="ref"} Hence, we expected to gain access to hetero\[5\]pseudorotaxanes by self‐sorting formation based on the differentiated complexation of **2** by CB7 and CB8 and of **3** by CB6 and CB8, featuring a central ternary 2:1 anthracene--CB8 complex (Scheme [1](#open201600173-fig-5001){ref-type="fig"}, bottom). Likewise, for both guests the formation of homo\[5\]pseudorotaxanes is predicted for the stoichiometric presence of only CB8. It was anticipated that the well‐differentiated binding affinities would guarantee high precision with respect to the final assemblies, underlining a unique quality of CB host--guest chemistry.

![a) Structures of the previously prepared anthracene‐2,3‐imide derivative **1** (Ref. [47](#open201600173-bib-0047){ref-type="ref"}), compounds **2** and **3** in their fully protonated form, and the CBs used in this work. b) Synthesis of **2**. Note that compound **2** was obtained as a non‐protonated amine after column chromatography under basic conditions (see the Experimental Section). c) Synthesis of **3**.](OPEN-6-288-g009){#open201600173-fig-5002}

Conveniently, the chromophoric and fluorescent nature of the anthracene‐binding motif provides a handle for monitoring the axle assembly by UV/Vis absorption and fluorescence spectroscopies. In aqueous solution (pH 6--7) compounds **2** and **3** feature a typical long‐wavelength UV/Vis absorption band with a maximum at 413 nm and significant fluorescence (**2**: *λ* ~fluo,\ max~=496 nm, *Φ* ~fluo~=0.52, *τ* ~fluo~=6.75 ns; **3**: *λ* ~fluo,\ max~=497 nm, *Φ* ~fluo~=0.53, *τ* ~fluo~=6.91 ns; see the red spectra in Figure [1](#open201600173-fig-0001){ref-type="fig"} for **2**).[47](#open201600173-bib-0047){ref-type="ref"} As a general observation, the inclusion of the anthracene in CB8 is signaled by a bathochromic shift of the long‐wavelength UV/Vis absorption band (from 413 to 433 nm) and a pronounced fluorescence quenching (≈90 %), accompanied by a redshift of the emission by approximately 30--35 nm (Figure [1](#open201600173-fig-0001){ref-type="fig"}).[48](#open201600173-bib-0048){ref-type="ref"}

![Titration of **2** (10 μ[m]{.smallcaps}) with CB8 (0--19.7 μ[m]{.smallcaps}) in water (pH 6); monitored by a) UV/Vis absorption and b) fluorescence (*λ* ~exc~=419 nm). The initial and final spectra of the titration are colored red and blue, respectively. The initial spectra are normalized to 1 at the maximum of the longest‐wavelength band.](OPEN-6-288-g001){#open201600173-fig-0001}

2.2.  Formation of \[5\]Pseudorotaxanes with Compound 2 and CB7/CB8 in Solution {#open201600173-sec-0004}
-------------------------------------------------------------------------------

In a first set of experiments, an aqueous solution (pH 6) of compound **2** was titrated with CB8 (Figure [2](#open201600173-fig-0002){ref-type="fig"}; black data points). The complexation proceeded in two well‐defined phases. The addition of the first CB8 equivalent caused only a relatively small fluorescence quenching (≈24 %), suggesting that mainly the aminoadamantane unit of **2** is bound along with a likely minor complexation of the anthracene unit (approximately two orders of magnitude higher binding constant with the adamantane than the apparent constant with the anthracene; see above). In a second phase, involving the addition of another 0.5 equivalents of CB8, the anthracene unit became visibly involved as indicated by the characteristic bathochromic shift of the absorption spectrum and a pronounced fluorescence quenching (≈90 % at the titration endpoint; see Figure [1](#open201600173-fig-0001){ref-type="fig"}). This part of the titration corresponds to the dimerization of two 1:1 complexes (formed in the first stage), involving the CB8 complexation of two anthracene units. Hence, in total two molecules of **2** and three CB8 macrocycles interact, yielding the homo\[5\]pseudorotaxane \[(**2**)~2~(CB8)~3~\]^4+^ (Scheme [1](#open201600173-fig-5001){ref-type="fig"}, bottom).[49](#open201600173-bib-0049){ref-type="ref"}

![Fluorescence titration curves of **2** (10 μ[m]{.smallcaps}) with CB8 (up to 19.7 μ[m]{.smallcaps}) in water (pH 6, *λ* ~exc~=419 nm, *λ* ~obs~=490 nm) in the absence (black) and in the presence of CB7 (15 μ[m]{.smallcaps}, red).](OPEN-6-288-g002){#open201600173-fig-0002}

To take advantage of the binding characteristics of **2** toward CB7 and CB8, a similar experiment as described before, but with one equivalent CB7 present in the initial solution, was performed. The CB7 macrocycle binds four orders of magnitude stronger to the aminoadamantane unit than CB8 does (see above). Therefore, it was expected that the addition of CB8 would immediately induce the dimerization by complexation of two anthracene units with CB8. This was indeed the case, as experimentally corroborated by the changes in the optical signature, that is, fluorescence quenching and redshifted emission spectrum, and the sharp leveling off of the titration curve at 0.5 equivalents of CB8 (see Figure [2](#open201600173-fig-0002){ref-type="fig"}, red points). The supramolecular assembly corresponds to a hetero\[5\]pseudorotaxane \[(**2**)~2~CB8(CB7)~2~\]^4+^ with a central CB8 and two terminal CB7 units (Scheme [1](#open201600173-fig-5001){ref-type="fig"}, bottom).

Also, the reverse titration, that is, addition of CB7 to a solution of **2** containing 0.5 equivalents of CB8, gave rise to a characteristic bathochromic UV/Vis absorption shift, indicative of the inclusion of the anthracene unit into CB8 (Figure [3](#open201600173-fig-0003){ref-type="fig"}). The titration curve shows a typical S shape. Initially, the CB7 binds readily to noncomplexed **2** because only 0.5 equivalents CB8 are present. Upon further titration, CB7 competes with CB8 for the aminoadamantane unit of **2** and the released CB8 associates to the available anthracene unit, yielding again the above‐described hetero\[5\]pseudorotaxane. As expected for an equilibrium situation, the order of addition of the pseudorotaxane components was irrelevant for the outcome; exactly the same final spectral signature was obtained whether the order was **2**--CB7--CB8 or CB8--CB7--**2** (first--second--third). In general, the high uniformity of all complexation processes is underpinned by well‐defined spectral changes and the occurrence of several isosbestic points in the UV/Vis absorption spectra.

![a) UV/Vis absorption titration of **2** (10 μ[m]{.smallcaps}) with CB7 (0--27.8 μ[m]{.smallcaps}) in the presence of CB8 (5 μ[m]{.smallcaps}) in aqueous solution (pH 6). The red spectrum corresponds to the starting point, and the blue spectrum marks the endpoint of the titration. b) The corresponding titration curve, monitored at *λ* ~obs~=435 nm.](OPEN-6-288-g003){#open201600173-fig-0003}

By exploiting the reversible nature of host--guest complexation, it was of interest to demonstrate the disassembly of the pseudorotaxanes by means of the addition of a competitive guest for CB8. For this purpose, the sterically demanding aminoadamantane derivative memantine was used, which is known to form strong complexes with CB8 (*K=*4.3×10^11^  [m]{.smallcaps} ^−1^) but it binds much less efficiently to the smaller CB7 (*K=*2.5×10^4^  [m]{.smallcaps} ^−1^).[34](#open201600173-bib-0034){ref-type="ref"} Titration of the \[5\]pseudorotaxanes \[(**2**)~2~CB8(CB7)~2~\]^4+^ and \[(**2**)~2~(CB8)~3~\]^4+^ with this competitor guest yielded the recovery of the initial UV/Vis absorption and fluorescence properties of the non‐complexed anthracene chromophore (see the Supporting Information). These experiments showed that memantine can be used to disassemble the central 2:1 ternary CB8 complex, which is conveniently signaled by fluorescence enhancement.

2.3.  Formation of \[5\]Pseudorotaxanes with Compound 2 in the Gas Phase {#open201600173-sec-0005}
------------------------------------------------------------------------

Solution titrations and monitoring of the changes of optical spectral features can provide information about the binding stoichiometry, and in combination with calculation of binding constants, allow for a reasoned discussion of the nature of the formed assemblies. However, it was highly desirable to draw on a complementary technique to corroborate our conclusions further. In the light of the limited CB8 solubility, which complicated the NMR spectroscopy experiments, ESI‐MS was the analytical technique of choice for this work. The use of ESI‐MS enabled an insightful analysis of the multicomponent mixtures in the micromolar concentration range (Figure [4](#open201600173-fig-0004){ref-type="fig"}).[36](#open201600173-bib-0036){ref-type="ref"}, [37](#open201600173-bib-0037){ref-type="ref"}, [50](#open201600173-bib-0050){ref-type="ref"}

![ESI‐MS spectra of **2** (10 μ[m]{.smallcaps}); a) with CB7 (10 μ[m]{.smallcaps}), b) with CB8 (15 μ[m]{.smallcaps}), c) with CB8 (5 μ[m]{.smallcaps}) and CB7 (10 μ[m]{.smallcaps}).](OPEN-6-288-g004){#open201600173-fig-0004}

The ESI‐MS spectrum of a 1:1 mixture of **2** and CB7 features one signal at *m*/*z* 837 (Figure [4](#open201600173-fig-0004){ref-type="fig"} a). The corresponding species was assigned as \[**2**(CB7)\]^2+^. The fragmentation (MS^2^) of this ion yielded signals that can be attributed 1) to a CB7 complex containing an adamantyl‐substituted fragment and 2) to an unbound anthracene‐2,3‐imide fragment. This finding provided support for the preferential binding of CB7 to the adamantane unit (see the MS^2^ spectrum in the Supporting Information). The mass spectrum of a **2**/CB8 mixture (2:3) yielded clear evidence for the homo\[5\]pseudorotaxane (Figure [4](#open201600173-fig-0004){ref-type="fig"} b) discussed above. Specifically, two signals at *m*/*z* 920 and 1252 were detected and were assigned to the 1:1 complex \[**2**(CB8)\]^2+^ and the homo\[5\]pseudorotaxane \[(**2**)~2~(CB8)~3~\]^4+^, respectively. Fragmentation (MS^2^) of the latter ion gave the corresponding 1:1 complex \[**2**(CB8)\]^2+^ and the \[3\]pseudorotaxane \[**2**(CB8)~2~\]^2+^, indicating preferential disassembly of the central 2:1 ternary CB8 complex. This is in accordance with the relative stabilities of the involved complexes (see above).

The mixture of **2**, CB7 and CB8 (\[**2**\]/\[CB7\]/\[CB8\]=1:1:0.5) gave rise to a prevailing signal at *m*/*z* 1169, corresponding to the hetero\[5\]pseudorotaxane \[(**2**)~2~CB8(CB7)~2~\]^4+^, and a signal at *m*/*z* 1211, assigned to \[(**2**)~2~(CB8)~2~CB7\]^4+^ with one CB7 and one CB8 at the terminal positions (Figure [4](#open201600173-fig-0004){ref-type="fig"} c). As illustrated in Figure [5](#open201600173-fig-0005){ref-type="fig"} (see the Supporting Information for the MS^2^ spectra), fragmentation of the *m*/*z* 1169 ion provided as the main signals those of \[**2**(CB7)\]^2+^ and \[**2**(CB8)(CB7)\]^2+^, again pointing to the disassembly of the central 2:1 ternary anthracene--CB8 complex (see the discussion above). Fragmentation of the *m*/*z* 1211 ion led to a more complex situation, derived from the unsymmetrical arrangement of different CB macrocycles at the terminal adamantane moieties. Specifically, \[**2**(CB7)\]^2+^ (*m*/*z* 837), \[**2**(CB8)\]^2+^ (*m*/*z* 920), \[**2**(CB8)(CB7)\]^2+^ (*m*/*z* 1501), and \[**2**(CB8)~2~\]^2+^ (*m*/*z* 1585) were detected (see Figure [5](#open201600173-fig-0005){ref-type="fig"} and the Supporting Information). Hence, the mass evidence, MS^2^ fragmentation experiments, and the solution titrations provide clear support for the formation of \[5\]pseudorotaxanes containing the heteroditopic building block **2**.

![Principal MS^2^ fragmentation products for the *m*/*z* 1169 and 1211 ions. The models correspond to MM2‐optimized structures of the complexes. The corresponding MS^2^ spectra are shown in the Supporting Information.](OPEN-6-288-g005){#open201600173-fig-0005}

2.4.  Formation of a Hetero\[5\]pseudorotaxane with Compound 3 and CB6/CB8 {#open201600173-sec-0006}
--------------------------------------------------------------------------

Derivative **3** was designed to investigate the molecular diversity of the supramolecular five‐component assembly of hetero\[5\]pseudorotaxanes, using CB6 and CB8 in this case. As outlined above, the spermidine tail of the anthracene‐2,3‐imide derivative **3** should provide an efficient binding motif for CB6, functioning as terminal macrocycles of the targeted hetero\[5\]pseudorotaxane. As for **2**, the axle was expected to organize by the formation of a ternary complex between two anthracene moieties and a CB8 macrocycle.

First, compound **3** was titrated with CB8, with monitoring of the changes in the UV/Vis absorption and fluorescence spectra (Figure [6](#open201600173-fig-0006){ref-type="fig"}). Again, the typical spectral changes as noted for the case of guest **2** (see above) were observed.[48](#open201600173-bib-0048){ref-type="ref"} Much to our initial surprise, and in contrast to the results that were obtained for **2**, no formation of a 2:1 ternary complex involving the anthracene unit could be concluded. Instead, the titration curve leveled off at approximately 1 equivalent CB8, indicating a 1:1 stoichiometry of the complex with the anthracene unit (Figure [6](#open201600173-fig-0006){ref-type="fig"}; black data points).

![Fluorescence titration curves for the addition of CB8 (up to 9.2 μ[m]{.smallcaps}) to **3** (5 μ[m]{.smallcaps}) in the absence (black, *λ* ~obs~=497 nm) and presence of CB6 (red, 11 μ[m]{.smallcaps}, *λ* ~obs~=490 nm) in water (pH 7). Inset: the development of the absorption spectra (a) and the fluorescence spectra (b) for the titration in the absence of CB6; initial and final spectra are colored red and blue, respectively. The initial spectra are normalized to 1 at the maximum of the longest‐wavelength band.](OPEN-6-288-g006){#open201600173-fig-0006}

However, in the presence of 1 equivalent of CB6 in the initial solution, the titration reached its endpoint with approximately 0.5 equivalents of CB8 (Figure [6](#open201600173-fig-0006){ref-type="fig"}, red data points). Akin to the situation observed for **2** (using CB7), this result hints at the formation of a hetero\[5\]pseudorotaxane, in which the two CB6 macrocycles occupy the terminal spermidine chains of two molecules of **3** that are joined by a central CB8 in a 2:1 ternary complex (see the general representation in Scheme [1](#open201600173-fig-5001){ref-type="fig"}, bottom). Interestingly, it is the CB6 complexation that somewhat alleviates the coulombic repulsion between the highly charged spermidine tails, which promotes a positive cooperativity effect on the self‐assembly of the desired hetero\[5\]pseudorotaxane.

The gas‐phase ESI‐MS studies (Figure [7](#open201600173-fig-0007){ref-type="fig"}) confirmed the formation of the pseudorotaxanes. In the presence of CB8, the \[3\]pseudorotaxane with the fully protonated axle **3** was observed, \[**3**(CB8)~2~\]^3+^ at *m*/*z* 1031. However, most of **3** is integrated in \[2\]pseudorotaxanes with varying charge status, that is, \[**3**(CB8)\]^3+^ (*m*/*z* 588) and \[(**3**‐H)CB8\]^2+^ (*m*/*z* 881). Contrary to the observations made for **2**, the homo\[5\]pseudorotaxane composed of two molecules of **3** and three of CB8 was not observed, which is consistent with the solution studies.

![ESI‐MS spectra of a) **3** (20 μ[m]{.smallcaps}) with 1.5 equiv. CB8 (30 μ[m]{.smallcaps}), and b) **3** (10 μ[m]{.smallcaps}) in presence of 0.5 equiv. CB8 (5 μ[m]{.smallcaps}) and 1 equiv. CB6 (10 μ[m]{.smallcaps}); all in water (pH 7). The models of the detected \[3\]‐ and \[5\]pseudorotaxanes are also shown.](OPEN-6-288-g007){#open201600173-fig-0007}

In the presence of both CB6 and CB8 (\[**3**\]/\[CB6\]/\[CB8\]=1:1:0.5), the predicted hetero\[5\]pseudorotaxane \[(**3**‐H)~2~‐ CB8(CB6)~2~\]^4+^ was most abundant, as indicated by a dominant signal at *m*/*z* 1048. Other less abundant species were the \[2\]‐ and \[3\]pseudorotaxanes \[(**3**‐H)CB6\]^2+^ and \[**3**(CB8)(CB6)\]^3+^ corresponding to signals at *m*/*z* 715 and 920, respectively. The MS^2^ fragmentation of the hetero\[5\]pseudorotaxane showed the collision‐induced dissociation into the corresponding fragments: \[(**3**‐H)CB6\]^2+^ and \[(**3**‐H)CB8(CB6)\]^2+^ (see the Supporting Information). These observations are akin to the gas‐phase chemistry of the \[5\]pseudorotaxanes based on compound **2**, confirming the preferential dissociation of the central 2:1 ternary CB8 complex.

3.  Conclusions {#open201600173-sec-0007}
===============

Heteroditopic fluorescent guests with high and well‐differentiated binding constants for cucurbiturils (CB6, CB7, CB8) as well as variable complex stoichiometries (2:1 vs. 1:1) can be used for the controlled self‐assembly of all‐CB homo‐ and hetero\[5\]pseudorotaxanes. This study underpins the unique strength of cucurbiturils as components in programmed self‐sorting processes that lead to complex supramolecular structures that might have applications as biomimetic materials. Furthermore, the tailored formation of the pseudorotaxanes can be monitored by optical spectroscopy, providing another functional facet to the molecular design of the axle building blocks.

Experimental Section {#open201600173-sec-0008}
====================

Materials {#open201600173-sec-0009}
---------

All reagents and solvents for synthesis were commercially available (Sigma--Aldrich) in high purities and used as received. Water was of Milli‐Q quality. CB7 was synthesized according to a previously published procedure,[51](#open201600173-bib-0051){ref-type="ref"} whereas CB6 and CB8 were purchased from Sigma--Aldrich. *N* ^1^,*N* ^5^,*N* ^10^‐Tri‐Boc‐spermine was prepared according to a literature procedure.[52](#open201600173-bib-0052){ref-type="ref"}

Synthesis of Compound 2 {#open201600173-sec-0010}
-----------------------

1‐Bromoadamantane (2.00 g, 9.30 mmol) and 3,3′‐diamino‐*N*‐methyldipropylamine (6.75 g, 46.5 mmol) were mixed in a sealed tube. This mixture was heated at 190 °C for 20 h. The mixture was allowed to cool to room temperature, then HCl (2 [m, 60 ]{.smallcaps}mL) and diethyl ether (60 mL) were added. The aqueous phase was separated and 50 % NaOH solution (60 mL) was added. Finally, the product was extracted with diethyl ether (3×40 mL) and the combined organic phases were dried with anhydrous Na~2~SO~4~. Removal of the solvent gave *N* ^1^‐(adamantan‐1‐yl)‐*N* ^3^‐(3‐aminopropyl)‐*N* ^3^‐methylpropane‐1,3‐diamine as an oil (1.71 g, 66 % yield). This material was used in the next step without further purification.

2,3‐Anthracenedicarboxylic anhydride (60 mg, 0.24 mmol), *N* ^1^‐(adamantan‐1‐yl)‐*N* ^3^‐(3‐aminopropyl)‐*N* ^3^‐methyl‐propane‐1,3‐diamine (67.5 mg, 0.24 mmol), and triethylamine (51 μL, 0.37 mmol) were placed together with ethanol (5 mL) in a sealed tube. This mixture was heated at 80 °C for 72 h. Afterwards, all volatiles were removed and the residue was subjected to column chromatography on silica gel (CH~2~Cl~2~/CH~3~OH/NH~4~OH, 50:10:1). Compound **2**, in its non‐protonated form, was isolated as a solid (35 mg, 28 % yield).

*N* ^1^‐(Adamantan‐1‐yl)‐*N* ^3^‐(3‐aminopropyl)‐*N* ^3^‐methylpropane‐1,3‐diamine: ^1^H NMR (400 MHz, CDCl~3~): *δ*=2.62 (t, *J=*7.2 Hz, 2 H), 2.49 (t, *J=*7.2 Hz, 2 H), 2.26 (t, *J=*7.2 Hz, 4 H), 2.09 (s, 3 H), 1.95 (br s, 3 H), 1.60--1.44 (m, 16 H), 1.01 ppm (br s, 3 H); ^13^C NMR (100 MHz, CDCl~3~): *δ*=56.3, 55.5, 50.2, 42.7, 42.3, 40.7, 39.0, 36.7, 31.2, 29.5, 28.6 ppm; HRMS (ESI): *m*/*z*: calcd for C~17~H~34~N~3~: 280.2747 \[*M*+H\]^+^; found: 280.2746.

Compound **2**: ^1^H NMR (400 MHz, CDCl~3~): *δ*=8.52 (s, 2 H), 8.39 (s, 2 H), 8.04--7.98 (m, 2 H), 7.60--7.54 (m, 2 H), 3.77 (t, *J=*7.2 Hz, 2 H), 2.62 (t, *J=*7.2 Hz, 2 H), 2.43 (t, *J=*7.2 Hz, 2 H), 2.38 (t, *J=*7.2 Hz, 2 H), 2.20 (s, 3 H), 2.03 (br s, 3 H), 1.94--1.82 (m, 2 H), 1.69--1.52 ppm (m, 14 H); the NH shows as a broad signal at approximately 2.6 ppm; ^13^C NMR (100 MHz, CDCl~3~): *δ*=167.9, 133.2, 131.9, 130.0, 128.5, 127.5, 126.6, 125.7, 56.4, 55.3, 51.0, 42.3, 42.0, 39.2, 36.7, 36.6, 29.6, 27.9, 26.3 ppm; HRMS (ESI): *m*/*z*: calcd for C~33~H~40~N~3~O~2~: 510.3115 \[*M*+H\]^+^; found: 510.3111.

Synthesis of Compound 3 {#open201600173-sec-0011}
-----------------------

*N* ^1^,*N* ^5^,*N* ^10^‐Tri‐Boc‐spermine (140 mg, 0.28 mmol), triethylamine (39 μL, 0.28 mmol), and ethanol (5 mL) were placed in a sealed tube and the solution was stirred for 15 min. Then, 2,3‐anthracenedicarboxylic anhydride (69.1 mg, 0.28 mmol) was added slowly and the resulting mixture was heated to 80 °C for 6 days. The mixture was allowed to cool to room temperature, then the volatiles were removed and the residue was subjected to column chromatography on silica gel (CH~2~Cl~2~/MeOH/NH~4~OH, 50:10:1). The product was obtained as a solid (148 mg, 72 % yield) and used directly in the next step without further characterization. A portion of this material (99 mg, 0.14 mmol) was treated with HCl (3 [m]{.smallcaps}) in ethyl acetate (1 mL) in a round‐bottom flask. After the reaction was stirred for 90 min at room temperature the volatiles were evaporated to give compound **3**, which was assumed to be the trihydrochloride salt (50 mg, 68 % yield). ^1^H NMR (400 MHz, D~2~O): *δ*=7.56 (s, 2 H), 7.52--7.45 (m, 2 H), 7.32--7.26 (m, 2 H), 7.20 (s, 2 H), 3.42 (t, *J=*7.2 Hz, 2 H), 3.18--3.00 (m, 10 H), 2.13--2.02 (m, 2 H), 2.00--1.89 (m, 2 H), 1.85--1.70 ppm (m, 4 H); ^13^C NMR (100 MHz, CD~3~OD): *δ*=170.3, 133.7, 131.8, 131.2, 129.4, 128.6, 127.4, 125.3, 48.0, 47.9, 46.2, 45.5, 37.5, 35.9, 25.8, 24.8, 23.8 ppm (2×); HRMS (ESI): *m*/*z*: calcd for C~26~H~33~N~4~O~2~: 433.2598 \[*M*−2 H\]^+^; found: 433.2595.

Photophysical Measurements and Titrations {#open201600173-sec-0012}
-----------------------------------------

All measurements were performed with air‐equilibrated water solutions at room temperature, using quartz cuvettes (1 cm optical pathlength). Compound **2** was pre‐solubilized in DMSO and the final aqueous solutions (pH 6) contained 1 vol % of the organic co‐solvent. Compound **3** was sufficiently soluble in water (pH 7). The UV/Vis absorption spectra were measured with a UV‐1603 spectrophotometer (Shimadzu). Steady‐state fluorescence spectra (uncorrected) were measured on a Cary Eclipse fluorimeter (Varian). The fluorescence quantum yield was measured for corrected emission spectra, with quinine sulfate in 0.05 [m]{.smallcaps} H~2~SO~4~ as a reference (*Φ* ~fluo~=0.55).[53](#open201600173-bib-0053){ref-type="ref"}, [54](#open201600173-bib-0054){ref-type="ref"} The fluorescence lifetimes were determined by time‐correlated single‐photon counting (Edinburgh Instruments FLS 920).

Titration experiments were performed by adding aliquots of CB stock solutions. These were accompanied by the same concentration of the guest compound as present in the titrated solution, thereby avoiding dilution effects in the course of the experiment. Isosbestic points of the UV/Vis absorption titration were selected as excitation wavelengths for fluorescence titrations. If required, the pH was adjusted by the addition of dilute aqueous HCl or NaOH and kept constant during the titrations. The concentration of the CB8 stock solution was determined by titration with *N*,*N*‐dimethylaminophenyltropyilium perchlorate.[55](#open201600173-bib-0055){ref-type="ref"} CB7 was assumed to have 14 wt % water content (determined by ^1^H NMR spectroscopy in the presence of malonic acid as an internal standard). The water content of CB6 was indicated by the supplier to be 25 wt %.

Electrospray Ionization Mass Spectrometry {#open201600173-sec-0013}
-----------------------------------------

The electrospray ionization (ESI) mass spectra were obtained using a Bruker Esquire HCT ultra ion‐trap mass spectrometer, equipped with an ESI source (Agilent). The solutions of the compounds were infused into the ESI source at a rate of 4 μL min^−1^ with the aid of a syringe pump (KdScientific, model 781100, Holliston, MA, USA). Typical spray and ion optics conditions were as follows: capillary voltage, 3.0 kV; nebulizer gas pressure, 30 psi; drying gas temperature, 300 °C; drying gas flow, 6 L min^−1^; capillary exit voltage, 179 V; skimmer voltage, 30 V. The charge status of the detected ions was determined from the isotope spacing patterns.

Molecular Modeling of the Pseudorotaxanes {#open201600173-sec-0014}
-----------------------------------------

Modeling was performed using the ChemOffice software package (version 8). The structures of the free CB macrocycles (CB7 and CB8) correspond to their crystal structures[56](#open201600173-bib-0056){ref-type="ref"}, [57](#open201600173-bib-0057){ref-type="ref"} and the guests **2** or **3** were connected to the macrocycle with the Avogadro software (version 1.1.1). The structures were optimized by molecular mechanics minimization (MM2 force field), using the ChemBio3D Ultra software (version 8).
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